Hyperpolarization of substrates for magnetic resonance spectroscopy (MRS) and imaging (MRI) by dissolution dynamic nuclear polarization (D-DNP) usually involves saturating the ESR transitions of polarizing agents (PAs; e.g., persistent radicals embedded in frozen glassy matrices). This approach has shown enormous potential to achieve greatly enhanced nuclear spin polarization, but the presence of PAs and/or glassing agents in the sample after dissolution can raise concerns for in vivo MRI applications, such as perturbing molecular interactions, and may induce the erosion of hyperpolarization in spectroscopy and MRI. We show that D-DNP can be performed efficiently with hybrid polarizing solids (HYPSOs) with 2,2,6,6-tetramethyl-piperidine-1-oxyl radicals incorporated in a mesostructured silica material and homogeneously distributed along its pore channels. The powder is wetted with a solution containing molecules of interest (for example, metabolites for MRS or MRI) to fill the pore channels (incipient wetness impregnation), and DNP is performed at low temperatures in a very efficient manner. This approach allows high polarization without the need for glass-forming agents and is applicable to a broad range of substrates, including peptides and metabolites. During dissolution, HYPSO is physically retained by simple filtration in the cryostat of the DNP polarizer, and a pure hyperpolarized solution is collected within a few seconds. The resulting solution contains the pure substrate, is free from any paramagnetic or other pollutants, and is ready for in vivo infusion.
Hyperpolarization of substrates for magnetic resonance spectroscopy (MRS) and imaging (MRI) by dissolution dynamic nuclear polarization (D-DNP) usually involves saturating the ESR transitions of polarizing agents (PAs; e.g., persistent radicals embedded in frozen glassy matrices). This approach has shown enormous potential to achieve greatly enhanced nuclear spin polarization, but the presence of PAs and/or glassing agents in the sample after dissolution can raise concerns for in vivo MRI applications, such as perturbing molecular interactions, and may induce the erosion of hyperpolarization in spectroscopy and MRI. We show that D-DNP can be performed efficiently with hybrid polarizing solids (HYPSOs) with 2,2,6,6-tetramethyl-piperidine-1-oxyl radicals incorporated in a mesostructured silica material and homogeneously distributed along its pore channels. The powder is wetted with a solution containing molecules of interest (for example, metabolites for MRS or MRI) to fill the pore channels (incipient wetness impregnation), and DNP is performed at low temperatures in a very efficient manner. This approach allows high polarization without the need for glass-forming agents and is applicable to a broad range of substrates, including peptides and metabolites. During dissolution, HYPSO is physically retained by simple filtration in the cryostat of the DNP polarizer, and a pure hyperpolarized solution is collected within a few seconds. The resulting solution contains the pure substrate, is free from any paramagnetic or other pollutants, and is ready for in vivo infusion. D issolution dynamic nuclear polarization (D-DNP) (1, 2) usually requires freezing molecules of interest, such as metabolites, together with persistent free radicals often called polarizing agents (PA) in a glassy matrix at very low temperatures (1 < T < 4 K), so that their nuclear spin polarization can be enhanced by up to four to five orders of magnitude. Such enhancements are achieved by saturating the ESR transitions of the PAs. D-DNP is generally performed in moderate magnetic fields (B 0 = 3.35 or in this study, 6.7 T) and followed by rapid dissolution of the frozen sample with a burst of superheated water to give highly polarized solutions. Applications include detection of intermediates in chemical reactions (3) (4) (5) , protein folding in real time (6) , and detection of cancer by monitoring abnormal rates of metabolic reactions in humans (7) . PAs with narrow EPR lines, such as trityl radicals, are usually used for the direct polarization of 13 C nuclei (2) . In practice, polarizations P( 13 C) of 20% or higher can be obtained after dissolution. We have recently shown that DNP of 13 13 C. In this way, P( 13 C) = 40% after dissolution at 300 K was obtained in less than 20 min (9-13).
Longitudinal relaxation during heating, dissolution, transfer between magnets, and magnetic resonance spectroscopy or MRI measurements themselves erodes hyperpolarization. Relaxation losses are exacerbated by remaining paramagnetic PAs that no longer serve any function after dissolution; thus, one of the most effective ways to slow down the relaxation rate R 1 ( 13 C) and hence, prolong the lifetime of the polarization P( 13 C) is to eliminate the radicals (14) . For some radicals, such as trityls, separation can be achieved by solvent extraction (15) or precipitation by a jump in pH followed by mechanical filtration through a stack of polyethylene filters (16, 17) . Lumata et al. (18, 19) have shown that precipitation can be used for 1,3 bisdiphenylene-2-phenylallyl (BDPA) and 2,2 diphenyl-1-picrylhydrazyl (DPPH). For TEMPO, with its derivatives including most currently used biradicals (20) (21) (22) (23) (24) (25) (26) , we have Significance Hyperpolarization by dissolution dynamic nuclear polarization can dramatically enhance signal intensities in MRI and NMR, notably for metabolic tracers for imaging and diagnosis. It is applicable to a variety of substrates for in vivo imaging and chemistry but requires the use of contaminants (glassing agents and free radicals) that may interact with cells and proteins and can have potential side effects. These contaminants can sometimes be eliminated by precipitation followed by filtration or solvent extraction, but these methods are substrate-specific, are usually time-consuming, and typically result in signal loss. Here, production of pure hyperpolarized liquids free of contaminants is shown by a simple wetting-polarization-filtration sequence for a solid silica matrix containing homogeneously distributed persistent radicals.
shown that chemical PA quenching with sodium ascorbate (vitamin C) can convert the nitroxide radicals into diamagnetic species through reduction (14) . However, for quantitative and rapid quenching, ascorbate must be used in excess, and the remaining ascorbate in solution may affect the analyte or sensitive components present in the NMR or MRI system, such as enzymes (5, 27, 28) . Furthermore, the presence of potentially noninnocent additional products arising from the paramagnetic PAs is obviously undesirable for in vivo MRI experiments. In this light, methods to produce pure hyperpolarized solutions free of radicals, glassing, and reducing agents with a limited number of production steps could enable faster, safer, and more sensitive in vitro and in vivo applications.
Eichhorn et al. (29) free radicals. This route consists in performing D-DNP on pure [1-13 C]-pyruvic acid, in which photo-induced radicals have been generated by intense UV radiation. However, the scope of D-DNP is certainly not limited to pyruvate but should encompass a wide variety of substrates that can be used as metabolic tracers, protein ligands, or chemical reagents. In fact, the UV irradiation process degrades some of the pyruvate into [1-
13 C]-acetate, which may interfere in vivo, because it is also a metabolite in the Krebs cycle.
One approach to obtain highly polarized solutions free of radicals would be to use a solid polarizing matrix, which would be easily separable from the solution by filtration. Immobilization of radicals on solid materials, such as silica gels or thermoresponsive polymers (30) (31) (32) , has been reported for room temperature Overhauser DNP of liquid water. More recently, low temperature DNP at T = 4.2 K was shown by exploiting electron spins at dangling bond sites near the surface of silicon nanoparticles, producing, however, only modest enhancements (∼2) (33) . One critical problem in solid polarizing matrices is to avoid polarization loss through radical-radical interactions; an optimal polarization matrix, thus, requires control of both the radical density and distribution in the solid.
Here, we show the high polarizing efficiency at very low temperatures (1.2 and 4.2 K) of hybrid polarizing solids (HYPSOs), a family of hybrid organosilica materials, prepared by a Sol-Gel process using a templating route, in which PAs are covalently linked to the pore channels and homogeneously randomly distributed in the mesostructured silica matrix (34) . Such control of distribution is not accessible through classical grafting postfunctionalization approaches (34, 35) . We show that, after polarization, radical-free hyperpolarized solutions can be easily and rapidly (<11 s) obtained by physical retention during dissolution. This approach leads to large 13 C polarization in the solid state, and we show that as much as P( 13 C) = 25.3% is obtained in the liquid state after dissolution, corresponding to an enhancement factor e DNP > 32,000 with respect to the Boltzmann distribution at 7 T and 300 K. The whole approach is illustrated in Fig. 1 .
Results and Discussion
The HYPSO family of mesostructured hybrid organosilica materials was chosen, because enhancement factors of up to e on/off = 36 were reported (34) under magic angle spinning-DNP (MAS-DNP) conditions at T = 100 K and B 0 = 9.4 T when impregnated with a water or 1,1,2,2-tetrachloroethane solution. The first generation of material, HYPSO 1.0, contains homogeneously distributed TEMPO moieties covalently bound to the silica surface through a propylamide linker [O 1.5 Si-(CH 2 ) 3 -NHCO-TEMPO] with varying radical concentration. HYPSO 1.0 has a large pore volume, which allows the polarization of up to ∼1.8 mL solution per 1 g material through a complete filling of the pores (∼1.0 mL/g) and the intergrain volumes (∼0.8 mL/g). The effective filling factor amounts to η = V solution /V total = 0.85 (illustrating that the use of such materials does not significantly reduce the volume of polarized solution through the addition of the solid PA). After HYPSO 1.0 is impregnated with a solution of interest, routine DNP can readily be performed in a standard manner by microwave irradiation of the ESR transition. In addition, the covalent linkage between the PA and the silica matrix allows the PAs to remain attached to the surface of the solid matrix during the combined dissolution and filtration step to produce a pure hyperpolarized solution (vide infra). The solution is easily expelled from HYPSO 1.0 by injecting hot water under pressure (T diss = 450 K, P diss = 1 MPa), which is usually done for regular frozen glassy DNP samples. The resulting slurry is then forced by pressurized hot water with a helium pressure of P push = 6 MPa through a home-built cellulose fiber filter mounted just above the DNP sample holder as near as possible to the center of the 6.7-T magnetic field of the polarizer. Fig. 1 were recorded with 20 mg HYPSO 1.0 material containing 88 μmol radical per gram (the optimal concentration to obtain the highest polarization and the best buildup rate; see below) impregnated with 36 μL 3 M solution of [1- 13 C]-pyruvate in D 2 O. After impregnation (Fig. 1A) , the sample is inserted into our home-built DNP polarizer operating at 6.7 T (11, 12, 36-38); 20 min of polarization (more details in Methods) suffice for P( 13 C) to exceed 20% (Fig. 1B) . The monoexponential DNP buildup (absence of long-range spin diffusion behavior) confirms that the solution has filled the pores of the material. Dissolution is subsequently performed by injecting 5 mL superheated water (working equally well with D 2 O or H 2 O) at T = 450 K and P = 1 MPa. During this process, the entire hyperpolarized solution is expelled from the pores of the material (as determined by quantitative 1 H NMR), whereas the PAs remain attached to the surface of the solid. The solution is then transferred to a 7-T NMR spectrometer (300 MHz for protons), and the hyperpolarized [1-
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C]-pyruvate signal is measured with an enhancement factor e DNP = 32,500 compared with its thermal equilibrium signal after complete relaxation corresponding to a polarization P( 13 C) = 25.3% (Fig. 1C) . Note that the entire process-dissolution, separation, and polarization measurement at room temperaturerequires only 10.2 s, clearly showing the efficiency of this approach. The corresponding grafted materials at similar concentrations gave poor polarization (e DNP = 2), because they do not meet the requirement of a homogeneous distribution of radicals. The fact that the solution is radical-free is illustrated by the fact that the measured 13 C T 1 is found to be ∼50 s. C) = 13.6% for the carbonyl carbons of alanine and glycine, respectively]. Note that the production of hyperpolarized solutions of folded proteins is still a challenge, mainly because of the rapid nuclear spin lattice relaxation rates at low magnetic field (leading to most of the hyperpolarization being lost during the dissolution process).
To optimize the materials, using optimal microwave frequency and power conditions (f μw = 188.3 GHz and P μw = 100 mW), we investigated the influence of the PA density in HYPSO 1.0 on polarization efficiency. The proton polarization displays a broad optimum around 88 μmol·g −1 (Fig. S1A) , which roughly corresponds to an electron concentration of 49 mM in the pores, close to the optimal value of 50 mM that is normally used in D 2 O: glycerol-d 8 mixtures (12) . Note that the DNP enhancement measured as a function of the applied microwave frequency depicts a curve (often called microwave spectrum) that is similar to that typically obtained for DNP in frozen glasses without porous materials: two DNP optima are reached for positive or negative polarization at microwave frequencies f μw = 187.85 and 188.3 GHz, respectively (Fig. S1B) . The DNP obtained as a function of microwave power (often called a saturation curve) at T = 1.2 K indicates that 80% of the full saturation can be attained with a moderate power of P μw = 100 mW (Fig. S1C) . Although all of these parameters were carefully optimized, the polarization P( Fig. 3A ) using a different linker and Click chemistry, which increases the yield of incorporation (details in SI Methods, Fig.  S2 , and Tables S1 and S2) (40) .
Another important asset of HYPSO materials is that glassing agents, such as glycerol or DMSO, which may be proscribed in certain applications (e.g., in vivo imaging as well as the monitoring of chemical/enzymatic reactions, where the glassing agent may not be innocuous), are not required, because the matrix itself prevents crystallization. A clear demonstration of this feature is given with the example of the polarization of pure H 2 O:D 2 O [10:90 (vol:vol)] (Fig. S3) .
Furthermore, these platform materials allow access to a broad range of solid polarizing matrices (for instance, with silica materials containing trityl radical functionalities). For example, direct 13 C polarization with trityl radicals might be preferred over indirect (Fig. 3B, SI Methods, Fig. S2 , and Tables S1 and S2) with 16 μmol trityl functionalities per gram yield 15% 13 C polarization after 2 h, with potential for 25% at saturation (Fig. 3B) .
In conclusion, D-DNP can be performed very efficiently using the HYPSO family of PAs. The sample preparation is carried out without glassing agents to provide pure hyperpolarized solutions (no radical contamination), which can easily be separated from the polarizing solids using standard filters. The efficiency of these solid polarization matrices is the result of the controlled incorporation of a homogeneous distribution of radicals along the pore channels of a highly porous mesostructured material. Although already shown here with pyruvate, acetate, fumarate, pure water, and a dipeptide (alanine-glycine), the approach should be applicable to a broad range of molecules that can be hyperpolarized by D-DNP (41). C polarization is monitored by application of 5°nutation pulses every 30 s. Because the rf fields are currently not sufficiently intense to compete with the dipolar interactions among the protons, the CP transfer is not 100% efficient, and therefore, only a fraction of P( 1 H) is transferred to 13 C. To further enhance P( 13 C), we reiterate the CP step 5 < n < 20 times at intervals of 180 s.
Dissolution Experiments. Dissolution is performed with 5 mL superheated D 2 O (T = 450 K and P = 1 MPa). The time sequence for the whole experiment is as follows: dissolution in t diss = 700 ms, transfer in t transfer = 5 s, injection in t inject = 3.5 s, and settling in the NMR tube during t settle = 1 s. Overall, the liquid-state NMR experiment can start 10.2 s after dissolution.
Liquid-State NMR Experiments. After DNP and dissolution, a series of 13 C NMR spectra of [1-13 C]-pyruvate is measured in a 7-T NMR spectrometer (300 MHz for protons) every 5 s with 5°pulses. After the hyperpolarization has completely relaxed to Boltzmann equilibrium, a thermal equilibrium spectrum is measured for comparison with a train of 90°nutation angle pulses (for example, 128 scans) and a long recycle delay (here, 350 s) to allow full relaxation. 
